Fibrotic disorders are associated with tissue accumulation of fibroblasts. We recently showed that caveolin (Cav)-1 gene suppression by a profibrotic cytokine, transforming growth factor (TGF)-b1, contributes to fibroblast proliferation and apoptosis resistance. Cav-1 has been shown to be constitutively suppressed in idiopathic pulmonary fibrosis (IPF), but mechanisms for this suppression are incompletely understood. We hypothesized that epigenetic processes contribute to Cav-1 down-regulation in IPF lung fibroblasts, and after fibrogenic stimuli. Cav-1 expression levels, DNA methylation status, and histone modifications associated with the Cav-1 promoter were examined by PCR, Western blots, pyrosequencing, or chromatin immunoprecipitation assays in IPF lung fibroblasts, normal fibroblasts after TGF-b1 stimulation, or in murine lung fibroblasts after bleomycin injury. Methylation-specific PCR demonstrated methylated and unmethylated Cav-1 DNA copies in all groups. Despite significant changes in Cav-1 expression, no changes in DNA methylation were observed in CpG islands or CpG island shores of the Cav-1 promoter by pyrosequencing of lung fibroblasts from IPF lungs, in response to TGF-b1, or after bleomycin-induced murine lung injury, when compared with respective controls. In contrast, the association of Cav-1 promoter with the active histone modification mark, H3 lysine 4 trimethylation, correlated with Cav-1 down-regulation in activated/fibrotic lung fibroblasts. Our data indicate that Cav-1 gene silencing in lung fibroblasts is actively regulated by epigenetic mechanisms that involve histone modifications, in particular H3 lysine 4 trimethylation, whereas DNA methylation does not appear to be a primary mechanism. These findings support therapeutic strategies that target histone modifications to restore Cav-1 expression in fibroblasts participating in pathogenic tissue remodeling.
The mechanisms for caveolin-1 suppression in idiopathic pulmonary fibrosis and by transforming growth factor-b1 are enigmatic. Our study demonstrates the involvement of histone modification of this gene, whereas DNA methylation does not appear to be a primary mechanism. These findings support therapeutic strategies to target histone modifications to augment caveolin-1 expression in diseases, such as idiopathic pulmonary fibrosis, with suppressed levels of this gene.
Caveolin (Cav)-1 is a scaffolding protein component of caveolae in plasma membranes (1) . Caveolae participate in multiple cellular functions, including membrane trafficking, endocytosis, and signal transduction (1) . Cav-1 is expressed in diverse cell types, such as fibroblasts and endothelial cells (2) . It is one of the mostly extensively characterized Cavs of the three identified Cav family members. Cav-1 may function as a tumor suppressor, as well as an oncogene, depending on the cellular microenvironment (1) .
Recent studies have implicated a critical role for Cav-1 in various fibrotic diseases (3).
Fibrosis results from dysregulated tissue repair, during which fibroblasts differentiate into myofibroblasts and acquire apoptosis resistance, leading to persistent tissue remodeling and scarring that ends in loss of tissue function (4) . Down-regulation of Cav-1 has been reported in a number of fibrotic diseases, including idiopathic pulmonary fibrosis (IPF) (5), scleroderma (6) , cardiac fibrosis (7), and dermal keloids (8) . Cav-1-deficient mice demonstrate impaired wound healing and altered lung morphology that mimics fibrosis (9) . Restoration of Cav-1, either with a Cav-1 peptide (6, 8) or adenoviral gene transfer (10) , showed decreases in fibrotic changes in cells/tissues, supporting antifibrotic effects of Cav-1.
Transforming growth factor (TGF)-b1 is a key mediator of fibrogenesis in diverse tissues and organs (11) . TGF-b1 is a critical inducer of myofibroblast differentiation, and it promotes an apoptosis-resistant phenotype through multiple pathways, including p38 mitogen-activated protein kinase (MAPK) (12) . TGF-b1 can downregulate Cav-1 gene/protein in fibroblasts (5, 7, 8, 13) , resulting in a hyperproliferative and apoptosis-resistant fibroblast phenotype (14, 15) .
In human malignancies in which Cav-1 expression is down-regulated, including breast cancer (16) , colon cancer (17) , and ovarian cancer (18) , DNA methylation at the Cav-1 gene promoter region has been reported to be a mechanism for constitutive Cav-1 down-regulation. Other epigenetic mechanisms, such as histone modifications, have been suggested by observations that the histone deacetylase inhibitor, trichostatin A, up-regulates Cav-1 expression (18) . In a recent study in colon cancer, acetylation of histone H3 and H4 have been shown to correlate with Cav-1 expression (17) . However, the epigenetic regulation of Cav-1 by other active histone modification marks, such as histone H3 lysine 4 trimethylation (H3K4Me3), has not been explored.
We previously reported that TGF-b1 down-regulates Cav-1 in lung fibroblasts (13) . However, whether this TGF-b1-inducible expression and the constitutive low expression of Cav-1 in IPF fibroblasts involves epigenetic regulation is not known. In this study, we investigated the role of DNA methylation and histone modifications in the constitutive suppression of Cav-1 in primary lung fibroblasts from patients with IPF, as well as TGF-b1-induced down-regulation of Cav-1 and in an animal model of lung fibrosis.
Materials and Methods
See detailed protocols in the online supplement.
Cell Culture and Treatments
Human primary non-IPF control or IPF lung fibroblasts were derived from deidentified tissues from the University of Alabama at Birmingham (UAB) Tissue Procurement Facility, which is approved by the UAB Institutional Review Board. The diagnosis of IPF was made by a multidisciplinary approach according to the American Thoracic Society/European Respiratory Society guidelines (19) . Demographic characteristics of the subjects are listed in Table E1 in the online supplement. Three fibroblast cell lines were randomly selected from subjects with IPF with constitutively low protein levels of Cav-1 (defined by >50% reduction in mean densitometric ratios of Cav-1:b-actin compared with non-IPF control fibroblasts). IMR-90 lung fibroblasts were from Coriell Institute for Medical Research (Camden, NJ), and were used before passage 5. Cells were in 1% FBS medium overnight before TGF-b1 treatment. To inhibit the p38 MAPK pathway, cells were treated with 10 mM SB203580 (Cell Signaling, Beverly, MA) for 2 hours before TGF-b1 treatment. TGF-b1 (R&D Systems, Minneapolis, MN) was added at 2 ng/ml for 24 hours.
DNA/RNA/Protein/Nuclear Extraction and Real-Time RT-PCR Allprep (Qiagen, Valencia, CA) or EpiQuick Nuclear extraction kits (Epigentek, Brooklyn, NY) were used. Real-time RT-PCR was performed in triplicate and normalized to 18S or b-actin using the DD cycle threshold method (20) . All primers are detailed in Table 1 .
Antibodies and Immunoblotting
Anti-Cav-1 (no. 610406) was from BD Biosciences (San Jose, CA), b-tubulin (no. 2128) was from Cell Signaling, and anti-H3K4Me3 (no. 39159) was from Active Motif (Carlsbad, CA). Western blots were performed as previously reported (21) .
DNA Methylation Changes by Methylation-Specific PCR and Pyrosequencing
Methylated and unmethylated primers for Cav-1 methylation-specific PCR (MSP) were derived from published studies (22) . Quantitative methylation was performed by pyrosequencing (23) .
Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays were performed per manufacturer's protocol (Epigentek), with minor modifications (24) . ChIPed-DNA was amplified by real-time PCR with primers delineated Table 1 . Results were normalized to input DNA.
Animal Model of Pulmonary Fibrosis, Primary Murine Lung Fibroblast Isolation, and Immunohistochemistry
All animal studies were performed in accordance with UAB Institutional Animal Care and Use Committee-approved protocols. Healthy C57BL mice (6-8 wk old) were used. A single dose of normal saline or bleomycin sulfate (3 U/kg body weight) was instilled intratracheally, as previously described (25) . Mice were killed on Days 5, 7, 12, and 28 after bleomycin injury. Lungs were prepared for histology and fibroblast primary culture (25) . Fibroblasts were collected at passages 1-3 for DNA, RNA, whole-cell lysate, nuclear extract, and ChIP assays. PCR primers are listed in Table 1 . Immunohistochemistry images were obtained with a Nikon TE2000U microscope equipped with a QiCam Fast Cooled high-resolution chargecoupled device camera (Nikon Inc., Melville, NY) with MetaMorph software (v.6.2r4; Universal Imaging, West Chester, PA). A semiquantitative Ashcroft scale, ranging from 0 to 8, was used to grade severity of lung fibrosis after bleomycin injury (26) .
Statistical Analysis
Data are expressed as means (6SD). Student's paired t test was used to compare two groups; one-way ANOVA was used for comparisons involving three or more groups. P values of 0.05 or less were considered statistically significant.
Results

Cav-1 DNA Methylation Status
Previous studies have reported decreased Cav-1 in IPF lung fibroblasts (5). We observed heterogeneity in the expression of Cav-1 in primary IPF lung fibroblasts, with 11 out of 15 samples showing a downregulation in Cav-1 (data not shown), which is consistent with previous reports of fibroblast heterogeneity in IPF (27) . We selected 3 of these 11 samples for the studies reported here (see MATERIALS and METHODS for detailed information). DNA methyltransferase (DNMT) 1 and DNMT3a were increased after treatment with TGF-b1 in non-IPF control lung fibroblasts ( Figure E1 ; we were unable to detect DNMT3b). We sought to explore whether both constitutive Cav-1 suppression (IPF versus non-IPF controls) and TGF-b1-induced Cav-1 downregulation (in IMR-90 fibroblasts) are mediated by DNA methylation.
DNA methylation status at CpG island of Cav-1 gene. First, we confirmed that Cav-1 levels are reduced in IPF fibroblasts, and after TGF-b1 stimulation in normal lung fibroblasts ( Figure E1) . MethPrimer (28) demonstrated the promoter region of human Cav-1 is CpG rich. (Figure 1A ). Using MSP, we found that Cav-1 gene has methylated and unmethylated DNA copies in IPF fibroblasts and in normal lung fibroblasts stimulated with/without TGF-b1 ( Figure 1B) . Because MSP does not quantify the amount of DNA methylation of this gene, we further performed quantitative pyrosequencing. A total of 18 CpG sites in the defined CpG island (CGI) at the promoter region (ENSG00000105974, 596-780bp [ Figure 1A ], indicated by pyrosequencing set 1 and 2) were examined. Relatively low percentages (from undetectable to z4%) of DNA methylation were found in this region, without significant differences between IPF fibroblasts and non-IPF control fibroblasts ( Figure 1C , n = 3 in each group). Similarly, both untreated and TGF-b1-treated lung fibroblasts demonstrated a similar pattern of Cav-1 DNA methylation at the CGI of the Cav-1 gene (from undetectable to z3.5%, in each group; Figure 1D ).
DNA methylation status at CGI shores of Cav-1 gene. Because studies indicate that CGI shore methylation regulates Cav-1 expression in breast cancer (16), we measured the DNA methylation status of CpG sites further upstream at the 59 shore as well as the 39 shore downstream of the CGI. DNA methylation percentages were higher in the 59 shore region than the CGI (ranging from z6 to z50%; Figures 1E and 1F). Despite the inability to obtain readings with this sequencing primer set in one of the non-IPF samples (non-IPF #2; Figure 1E ), we did not detect any significant differences between IPF and non-IPF controls in the DNA methylation status within this region (pyrosequencing set 3; Figure 1A ). Similarly, no changes in DNA methylation were detected in response to TGF-b1 treatment ( Figure 1F ). In contrast to the 59 shore, DNA methylation levels are relatively low within the 39 shore of the CGI region (ranging from ,1 to z10%; Figures  1G and 1H ). In concordance with the 59 shore, no obvious differences in DNA methylation status were noted in comparisons of non-IPF versus IPF and untreated versus TGF-b1-treated lung fibroblasts ( Figures 1G and 1H ). Our data show that there are methylated and unmethylated DNA copies in the Cav-1 gene promoter. However, the DNA methylation status at CGI and CGI shores within the Cav-1 promoter region are In addition to DNA methylation, histone modifications participate in epigenetic regulation of gene expression (29) . We examined whether histone modifications are involved in the down-regulation of Cav-1 in IPF fibroblasts. Previous reports suggest that H3K4Me3 is an active histone mark, and it is important in regulation of tumor suppressor genes that include Cav-1 (30, 31) . The global level of H3K4Me3 was measured in IPF fibroblasts, and then the association of H3K4Me3 with the Cav-1 promoter region was examined using ChIP assays. There were no significant differences of H3K4Me3 global levels between IPF versus non-IPF fibroblasts (Figures 2A and 2B ). However, we observed significantly decreased association of Cav-1 with H3K4Me3 in IPF primary fibroblasts compared with non-IPF control cells ( Figure 2C ), corresponding to the constitutively low Cav-1 in these IPF fibroblasts.
When normal lung fibroblasts (IMR-90) were treated with TGF-b1, we observed suppression of Cav-1 ( Figure 3A) , decreased global level of H3K4Me3 relative to total H3, and decreased association of H3K4Me3 with the Cav-1 promoter (Figure 3 ). We previously demonstrated that the p38 MAPK pathway mediates Cav-1 down-regulation by TGF-b (13) . To determine if this pathway contributes to epigenetic regulation of Cav-1, the effects of p38 MAPK inhibition on H3K4Me3 histone modification were tested. Blocking p38 MAPK activity with the p38 MAPK inhibitor, SB203580, prevented TGF-b1-induced Cav-1 down-regulation and abrogated the decrease in H3K4Me3 levels ( Figures 3B and 3C ) in parallel with decreased association of this histone mark with the Cav-1 promoter ( Figure 3D ). These data suggest that the H3K4Me3 histone modification is likely involved in both the constitutive down-regulation of Cav-1 in IPF fibroblasts, and the TGF-b1-mediated suppression of Cav-1.
Cav-1 Expression Is Transiently Down-Regulated in Response to Lung Injury in Mice
Changes in Cav-1 expression were examined at varying time points after bleomycininduced lung injury in mice, as previously described (25) . There is histopathological evidence that fibrosis develops in this model from Days 7 to 10, and peaks around Day 14 after injury (32) . Cav-1 expression was examined on Day 5 after injury (when inflammation is relatively more active), as well as on Day 7 (when fibrosis is developing), Day 12 (near peak fibrosis), and Day 28 (during the resolving phase) (25) . Cav-1 protein expression was markedly decreased in whole-lung lysates at Days 5, 7, and 12, with recovery on Day 28 after lung injury ( Figures 4A  and 4B , n = 5 in each group; one of the samples on Day 28 did not show recovery).
Immunohistochemistry confirmed that Cav-1 expression was decreased in the lungs of injured mice on Day 5 and remained low at Days 7 and 12, with recovery on Day 28 ( Figure 4C ), similar to the pattern shown by Western blots. The transient decrease in Cav-1 expression correlated with the total lung expression of collagen 1A1 by Western blot (Figures E2A and E2B) , by trichrome staining ( Figure 4C) , and by the semiquantitative Ashcroft scale ( Figure 4D ). These observations support the concept of Cav-1 suppression during the fibrotic phase of lung injury, with the potential for reversibility in association with recovery of Cav-1 expression during resolution of fibrosis.
Cav-1 Gene Expression Is
The concurrent relationships between Cav-1 mRNA expression and DNA methylation status, and the association of active histone mark H3K4Me3 with the Cav-1 promoter region from one cell line at each of the time points were examined ( Figure 5A , the cell line marked with ‡). Cav-1 mRNA is significantly decreased on Days 5, 7, and 12, but recovered by Day 28 ( Figure 5C ). We identified CGI by MethPrimer (28) in the mouse Cav-1 gene promoter (ENSMUSG00000007655; Figure 6A ). DNA methylation changes at these CpG sites of the CGI were similarly varied in the murine lung fibroblasts at different time points after bleomycin injury ( Figure 6B ). DNA methylation rates were low at most of these CpG sites, ranging from 0 to z5% with few exceptions. Some sites, such as CpG site number 12, showed relatively higher methylation percentage compared with others, but there was Table 1 . Bar graphs represent the methylation percentage at each CpG site in non-IPF versus IPF fibroblasts (C) or in normal IMR-90 lung fibroblasts treated without (control) or with TGF-b1 at 2 ng/ml for 24 hours (D). (E and F) Pyrosequencing of 59 shore of CGI region of Cav-1 promoter, covering six CpG sites (the region indicated in A marked as pyrosequencing set 3). The primers and probe are listed in Table 1 . Bar graphs represent the methylation percentage at each CpG site in non-IPF versus IPF fibroblasts (E) or in normal IMR-90 lung fibroblasts treated without (control) or with TGF-b1 at 2 ng/ml for 24 hours (F). (G and H) Pyrosequencing of CGI region of Cav-1 promoter region at the 39 shore of CGI, covering eight CpG sites (the region indicated in A marked with pyrosequencing set 4). The primers and probes are listed in Table 1 . Bar graphs represent the methylation percentage at each CpG site in non-IPF versus IPF fibroblasts (G) or in normal IMR-90 lung fibroblasts treated without (control) or with TGF-b1 at 2 ng/ml for 24 hours (H). no statistically significant difference throughout the whole timecourse ( Figure 6B and Figure E3 ). The relatively higher methylation rate in control mouse lung fibroblasts at CpG sites 11 and 13 (with z12 or z20%, respectively) are likely due to individual differences (see Figure E3 , the average of three different murine cell lines at different time points). These findings suggest that DNA methylation is not responsible for regulation of Cav-1 gene expression level changes in the murine model of bleomycin injury.
To examine the association of Cav-1 with active histone mark H3K4Me3, global H3K4Me3 levels were analyzed and then ChIP assays were performed in isolated murine lung fibroblasts at different time points after lung injury. H3K4Me3 levels in these cells did not change significantly ( Figures 6C and 6D) . However, the binding of H3K4Me3 with the Cav-1 promoter region was significantly diminished during the time before and around the peak of fibrosis (Days 5, 7, and 12 after bleomycin injury), whereas the binding recovered during the resolution phase, on Day 28 after injury ( Figure 6E ). These data support a role for histone modifications involving H3K4Me3 in the epigenetic control of Cav-1 gene expression in primary murine lung fibroblasts after lung injury.
Discussion
This study investigated epigenetic changes that regulate Cav-1 gene expression in lung fibroblasts after injury. We confirmed that Cav-1 expression is down-regulated in the majority of IPF lung fibroblasts, and the suppression of Cav-1 in response to TGF-b1 (5, 13) . Our data show that low constitutive expression of Cav-1 in IPF lung fibroblasts, as well as down-regulation of this protein by TGF-b1, is due to Cav-1 gene silencing by diminished binding of the active histone mark, H3K4Me3, with its promoter. Moreover, our data indicate that this regulatory process does not appear to be due to changes in DNA methylation. These findings were replicated in murine lung fibroblasts during the active (versus resolving) phase of fibrosis after bleomycininduced lung injury. These data demonstrate a critical role for histone modifications in Cav-1 epigenetic silencing during active fibrosis in an experimental animal model and among ex vivo IPF lung fibroblasts.
CGIs are CpG-rich regions in vertebrate genomes (33) . CGIs are generally associated with the promoter region and characterized by a transcriptionally permissive chromatin state (34) . Hypermethylation of CGI promoters usually result in stable transcriptional repression; in addition, the location of methylation is critical to gene transcription (35) . For instance, DNA methylation can block transcriptional initiation when it is in the immediate vicinity of the transcriptional start site, but when DNA methylation is within the gene body, then transcription elongation is stimulated (33) . Recent studies have shown that DNA methylation of non-CGI promoter regions can also silence genes (36) . Differential DNA methylation at CGI shores, which are up to 2 kb away from the CGI, and represents sites of relatively low CpG density (34, 36) , has been shown to correlate well with gene expression in cancers (34, 37) . Alterations of DNA methylation are known to be involved in Figure 1A . The results were normalized to input DNA and expressed as fold changes relative to non-IPF control. These assays were repeated in three different IPF and non-IPF cell lines. Bar graphs represent mean (6SD) from the average of three replicates. *P , 0.05, IPF versus non-IPF control.
IPF (38); however, the relationships of specific gene methylation patterns to IPF pathogenesis are not well understood. We investigated whether the Cav-1 DNA methylation status at the promoter region of CGI, as well as in CGI shores, is associated with Cav-1 expression in lung fibroblasts in the context of a fibrogenic stimulus.
Our data demonstrate that DNA methylation level is low at CGIs and remains at similar levels, despite the constitutively low expression of Cav-1 in IPF fibroblasts in comparison to non-IPF control fibroblasts, after TGF-b1 treatment of normal lung fibroblasts, and in response to bleomycin lung injury. Although the DNA methylation percentage is highest at the CGI 59 shore of the Cav-1 promoter region, no obvious changes were observed at either the 59 or 39 CGI shores, despite the observed changes in Cav-1 expression. This is consistent with a previous study of Cav-1 methylation status in breast cancer cells (16) . However, in that study, the Cav-1 CGI shores (both 59 and 39) were found to be associated with Cav-1 expression (16). It should be noted that technical limitations prevented us from examining all CpG sites within the CGI and CGI shores. The discrepant findings may also be due to the use of different cell types and diseases (breast cancer cells versus lung fibroblasts). Nonetheless, our data provide support to the notion that the down-regulation of Cav-1 in fibrogenic lung fibroblasts is not likely primarily regulated by DNA methylation.
We used a murine model of bleomycin-induced lung fibrosis (25, 39) to corroborate findings in our in vitro cell models. Down-regulation of Cav-1 was similar in lung fibroblasts after lung injury in both in vitro and in vivo models. The mediator(s) responsible for the downregulation of Cav-1 in the animal model remains unclear. Several growth factors/cytokines, including TGF-b1, known to down-regulate Cav-1 are induced during bleomycin lung fibrosis (40). TGF-b1 mRNA and protein expression are increased in myofibroblasts as early as Day 3 after bleomycininduced pulmonary fibrosis in the rat (41) .
The mouse Cav-1 gene sequence is different from that of humans, particularly at the promoter region of CGIs. It is possible that the murine Cav-1 gene expression may be regulated by DNA methylation at the CGI shores; testing this would require techniques other than pyrosequencing to cover longer sequences of DNA.
Recent studies suggest that DNA methylation is probably not a primary mechanism for gene silencing (42, 43) ; instead, rapid changes in chromatin , TGF-b1 treated for 24 hours, p38 inhibitor SB203580 only for 24 hours, and 2 hours of SB203580 followed by 24 hours of TGF-b1 treatment (TGF-b1/inhibitor). Bars represent the relative levels of PCR product of Cav-1 promoter region associated with H3K4Me3 (primers are marked in Figure 1A) . The results are normalized to input DNA and expressed as fold changes relative to non-IPF control. Bars represent mean (6SD) from the average of at least three replicate experiments. *P , 0.05, TGF-b1 versus untreated control (Cont.). (45) . The global H3K4Me3 levels should not be used to predict Cav-1 expression in our model. In addition to DNA methylation and histone modifications, micro-RNAs may also participate in epigenetic regulation of Cav-1 gene expression (46) (47) (48) (49) . It is possible that micro-RNAs may coordinately regulate Cav-1 in concert with H3K4Me3 histone modification.
In summary, we show that Cav-1 gene expression is associated with the H3K4Me3 histone mark in lung fibroblasts from patients with IPF and in response to TGF-b1, as well as in murine lung fibroblasts after fibrogenic lung injury; in contrast, DNA methylation was not identified to be a primary mechanism for this effect. Based on the relatively small sample size and the potential for heterogeneity, it is important to recognize the influence of multiple factors, such as age, sex, and smoking status in regulating Cav-1 levels. Together, these findings support a role for therapeutic strategies that target histone modifications in preference to DNA methylation to augment Cav-1 expression in diseases characterized by pathologic suppression of this gene. n The results were normalized to input DNA and expressed as fold changes relative to saline control. Bar graphs represent mean (6SD) from the average of at least three independent experiments; *P , 0.05, each group compared with saline control.
